This paper addresses the development of low-cost adsorbents for removal of arsenic from water in support of mitigation programmes in low and middle income countries. Activated carbon (AC) is a well established water treatment technology, but has high cost and low selectivity in respect of arsenic. AC made from agricultural by-products is a low-cost alternative to coal-based AC. In this study, the preparation parameters of sugar-cane activated carbon (SCAC) were optimised for arsenic (V) and arsenic(III) adsorption. The effect of preparation parameters on arsenic removal was investigated with a 2 3 factorial experiment. SCAC was characterised by the pH of zero charge, surface area, pore width distribution, particle size distribution and imaging under scanning electron microscopy. Activation temperature (AT) has a profound effect on arsenic adsorption; arsenic(V) adsorption increased from 2.8% at an AT of 873 K to 87.6% at an AT of 1,173 K. The percentage of arsenic removal from water has a strong positive correlation with surface area, and a strong negative correlation with micropore/pore volume ratio and the percentage in volume of particles with a size of 60-2,000 μm. In conclusion, this research shows that low-cost AC can be manufactured for removal of target pollutants, such as arsenic, from water.
INTRODUCTION
Exposure to fluoride, arsenic and nitrate accounts for the main health effects related to chemical contamination in drinking water supplies (WHO ). Arsenic is of special concern due to the high toxicity of this element. Health effects of chronic exposure to arsenic include cancer of the skin, bladder and lungs (Smith & Smith ) . Low-cost adsorbents could potentially contribute to mitigation of arsenic contamination in middle and low income countries with widespread occurrence of arsenic in drinking water.
Most arsenic removal methods require pre-oxidation of arsenic(III) to arsenic(V) to achieve optimal removal (Bissen & Frimmel ) . However, activated carbon (AC) has shown some capacity to oxidise arsenic(III). The use of agricultural by-products for AC production is attractive because of its availability and low cost (Ioannidou & Zabaniotou ) . Sugar-cane bagasse, a by-product from sugar refineries, is the residual cane pulp and pitch after sugar extraction (Mohan & Singh ) . In 2005, 1,018 million tonnes of sugar cane were grown by the top 10 producing countries (FAO ). Currently, sugar-cane bagasse is mostly used for electricity generation in sugar refineries (Pandey et al. ) . 
MATERIALS AND METHODS
In this study, the experimental work consisted of the preparation of different types of SCAC, batch adsorption experiments to investigate the arsenic removal capacity of SCAC samples, and characterisation of SCAC samples.
Preparation of SCAC
SCAC adsorbents were prepared in a horizontal tube furnace (Carbolite CTF12-65-301) with a two-stage process:
carbonisation followed by activation. (%As.R) and yield of SCAC (%yield); Equations (1) and (2), respectively. Then, the mixture was filtered and the pH of the filtrate was measured. This procedure was repeated until the pH of the filtrate did not change.
Adsorption batch experiments
Arsenic ( 
Characterisation of SCAC samples
Five different types of SCAC with %As.R from <3% to >93% were characterised. The characterisation tests included scanning electron microscopy (SEM) analysis of surface characteristics, specific surface area and pore width distribution analysis, the determination of the pH of zero charge (pH ZC ) and particle size distribution analysis.
Topographic contrast (secondary electron imaging) pictures were produced with a scanning electron microscope (JEOL JSM-5900 LV). Surface area and pore size distribution were determined by gas adsorption (Quantachrome Instruments Autosorb-1) with argon at 77 K. The pH ZC was determined with the immersion technique (Bourikas et al. ) . Finally, the laser diffraction method (Malvern Instruments Mastersizer 2000-Hydro G dispersion unit) was used for the particle size distribution analysis.
RESULTS AND DISCUSSION
Optimisation of SCAC for arsenic(V) and arsenic(III) adsorption Table 1 
Modelling the effect of preparation conditions of SCAC on %As(V).R and %As(III).R
Results from the ANOVA test were used to model arsenic (V) and arsenic(III) adsorption on SCAC. Models were based on the general regression equation for the 2 3 factorial experiment (Equation (3)) (Montgomery ).
In which Y is the response (%As(V).R or %As(III).R); the C terms are parameters to be determined; x 1 , x 2 and x 3 are variables representing factors (CT, AT and At); and
x 1 x 2 , x 1 x 3 , x 2 x 3 , x 1 x 2 x 3 represent interactions between the factors, and ε is a random error term.
For each oxidation state of arsenic, two models were constructed (Table 2 ): a linear model including statistically significant terms and additional terms to fulfil the hierarchy
principle for %As(V).R (model A) and for %As(III).R (model B); and a model accounting for the quadratic effect of AT for %As(V).R (model C) and for %As(III).R (model D)
. Table 2 presents the equations and the correlation term (R 2 ) for the models. Figure 1 shows surface plots for the models at an At of 60 min. For the models A and B, experimental adsorption data were within the ±95% confidence interval (CI) for the predicted response for samples SC01-SC08 and SC11, and outside the ± 95% CI for samples SC09, SC10 and SC12.
For the quadratic models C and D (with the exception of %As(III).R for SC11) all experimental data (SC01-SC12)
were within the ±95% CI for the predicted response.
According to the quadratic models presented in Figure 1 a small change in the AT can increase or decrease %As.R by a few percentage units.
Characterisation of SCAC samples
The micrographs presented in Figure 2 show that SCAC samples are comprised of flake-like particles of various sizes and shapes. Figure 2 (f) illustrates a type of particle that appeared in most samples, a flake with an approximately regular pattern of holes. There is no apparent relationship between the preparation conditions of SCAC and the type of structures formed.
Gas adsorption/desorption isotherms for argon at 77 K are presented in Figure 3 . According to the IUPAC classifi- pure water in contact with the atmosphere, it can be assumed that the experiment took place in mildly oxidising conditions. Accordingly, in electrostatic terms, conditions were favourable for arsenic(V) removal.
According to the pore volume calculated with the nonlinear density functional theory (NL-DFT), SCAC samples are mostly microporous. Also, the particle size analysis
shows that particles with a size <2 μm is <0.3% volume, particles with a size from 60 to 2,000 μm vary from 45.5 to 52.7% volume, and particles with a size from 2 to 60 μm vary from 47 to 54.2%.
Correlation between properties of SCAC and %As(V).R and %As(III).R
The correlation between %As(V).R, %As(III).R and the properties of SCAC was investigated with a Pearson correlation test. | Linear and quadratic models describing the effect of CT, AT and At on %As(V).R and %As(III).R. Models were run for the coded factors shown in Table 1 Model As oxidation state The second order model presented here suggested that care
Data included Equation describing %As(V).R or %As(III).R
should be taken to ensure that the established AT is reached, as arsenic removal significantly varies with small changes in AT.
In conclusion, this research shows that low-cost AC can be manufactured for successful removal of target pollutants, such as arsenic, for drinking water treatment.
